www.advancedsciencenews.com www.advhealthmat.de treatment, some drawbacks like partial loss of layering and structural transformation hinder its promotion. [26] In addition, chlorination at high temperature is not a selective method and causes the elimination of both metals (M and A), fabricating porous carbide derived carbons (CDCs). [27] Therefore, using an etchant (e.g., aqueous HF) within a certain concentration and a specific time period is the dominant method for the fabrication of MXene nanosheets (Figure 1b) . [7a] After etching step, centrifugation or filtration is performed in order to separate solid particles. Under this condition, a compacted-packed structure converts to a loosely packed one similar to an accordion, as shown in Figure 1c ,d. Afterward, utilizing sonication process, the as-prepared multilayered M n+1 X n T x can be delaminated into isolated sheets or monolayers (Figure 1b ). Since the discovery of the first Ti 3 C 2 nanosheets, more than 20 types of MXenes are synthesized and more than 70 MAX phases are experimentally produced. [7a,c] In all of them, the yield of production, rate of defect, particle size, conductivity, and surface properties heavily depend on the optimization of reaction condition. [7a,12,28] Table 1 has summarized different etching and delamination condition as well as intercalants used for the synthesis of MXenes with various chemical composition.
As previously mentioned, the ternary carbides/nitrides/ carbonitride MAX phases are interleaved by A-element atoms. In the MAX phases, MX bond is stronger than MA bond and it possesses both metallic properties and covalent bonding, whereas the MA bond is metallic and thus more chemically active. Therefore, the A layer can be selectively and easily removed by F-containing etchants, which are commonly used for the production of multilayered MXenes stabilized through hydrogen bonds and van der Waals forces between 2D sheets. [7a,c] Efficient selective HF etching of the parent M n+1 AX n phases composed of Al is through the following consecutive chemical reactions [10b] Copyright 2018, Wiley-VCH. b) Schematic representation of the exfoliation process of MAX phase and the formation of MXene nanosheets. c,d) Scanning electron microscopy (SEM) images of Ti 3 AlC 2 particles before and after HF treatment. Reproduced with permission. [8] Copyright 2012, American Chemical Society.
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Equation (1) shows the generation of M n+1 X n MXene layers from the corresponding MAX phase of M n+1 AlX n . Equations (2) and (3) demonstrate the fabrication of OH and F-terminated M n+1 X n from the initial compound through selective etching. [6] In fact, after replacing the strong MA bonds with the weak interactions of T x terminates via etchant, multilayered stacked MXenes may become easily delaminated and intercalated to fabricate single-layer MXenes. Therefore, etching reagents are a key factor for the optimal mass production of MXenes and moving toward their commercialization. Gogotsi and coworkers [7a] demonstrated that the concentration of HF etchant plays a determinant role in the quality of MXene nanosheets. They showed that very high concentration of HF generates more defects in Ti 3 C 2 T x MXenes. [37] Their studies showed that 50 wt% HF, room temperature (RT), and 2 h of etching are enough to selectively extract Al from the Ti 3 AlC 2 powder. [38] They also studied the impact of etchant concentration on MXene morphologies. Synthesis of Ti 3 C 2 with 10 wt% HF did not give an accordion-like structure, whereas higher dosage of HF could result in such morphologies. [7a] It should be added that etching parameters, such as duration, type of transition metal M, and operational temperature needs to be different for various types of M n+1 AlX n in order to obtain favorable nanosheets. [7c,39] For instance, 2 h etching at RT by 50% HF results in Ti 3 C 2 T x flakes from Ti 3 AlC 2 , whereas the same procedure will dissolve Ti 2 AlC since it needs lower HF concentration at the same temperature and etching time. [8] Also, the higher bonding energy between M and A elements, correlating to the number of M valence electrons, requires higher HF concentration and longer etching time for removing Al from the parent MAX phase. For example, Ti 2 AlC needs lower concentration of the HF compared to Nb 2 AlC due to the lower atomic number of Ti. [8, 40] Temperature also plays a key role in the outcome of etching in certain ways, such as recrystallization or decomposition of M n+1 X n T x at high temperatures. [8] It is important to note that different wet etching techniques can create different surface properties and result in various characteristics for the manufactured MXenes. [34] For example, F-functionalized MXenes were produced by HF as etchant, whereas O-functionalized MXenes were obtained by etching in a HCl/LiF mixture. [28b] Although acidic solution of HF is utilized as effective etchant, it is highly corrosive, harmful, and even can decrease the performance of MXenes. Other alternative etchants to avoid harmful effects of HF are NH 4 HF 2 [29] and HCl/LiF. [12, 13, 37] For example, a safer etching of Al element in MAX phase was introduced by Halim et al., [41] who fabricated Ti 3 C 2 MXenes by 1 m NH 4 HF 2 solution to etch Al elements through the electrochemical intercalation of cations. In addition to etching effect, NH 4 + ions will enter between the interlayer space of MXenes to promote the delamination efficiency. Wang et al. [42] showed the remarkable impact of etching time, temperature, and the concentration of NH 4 HF 2 on the quality of Ti 3 C 2 T x flakes. Other bifluoride solutions, such as KHF 2 and NaHF 2 are successfully investigated for the transition of Ti 3 AlC 2 to Ti 3 C 2 nanosheets. [35] In addition to bifluoride solutions as etchant, Ghidiu et al. [13] proposed a high yield method for preparing Ti 3 C 2 T x using in situ formed HF (i.e., generated by HCl/LiF). HCl/LiF provides much milder and safer etching condition compared to HF and produced MXenes are less defective with larger lateral dimensions. [7a] It should be noted that the concentration of www.advancedsciencenews.com www.advhealthmat.de the salt and acid has a great impact on the quality and size of MXene flakes. [7a,13,28a,37] Although HF treatment works well with carbides and carbonitride MXenes, it fails to eliminate A layer from nitride-based MXenes. In order to solve this problem, Urbankowski et al. [32] used molten salts, such as LiF, NaF, and KF to remove Al layers from Ti 4 AlN 3 . In 2018, fluorine-free, alkali-assisted synthesis of MXenes was reported by Li et al. [30] In this study, selective removal of A layers was successfully performed by 27.5 m NaOH at 270 °C, opening a new way toward the synthesis of MXenes without HF as etchant. However, NaOHmediated etching may only remove Al at the surface rather than in the bulk. [43] Urbankowski et al. [44] reported the transformation of Mo 2 CT x and V 2 CT x into nitride MXenes by ammoniation at 600 °C via the replacement of the N atoms with C atoms during the decomposition of ammonia molecules. The resulted Mo 2 N could maintain the structure of MXenes while V 2 CT x transformed into a mixed layered structure of trigonal V 2 N and cubic VN. These examples show that many of MXenes have been prepared from Al-containing MAX phases. In contrast, Gogotsi and co-workers [31] have recently developed a universal method for the large-scale synthesis of Ti 3 C 2 MXenes via oxidant-assisted selective etching of silicon from Si-containing MAX precursors. Various HF oxidants, such as HF/ H 2 O 2 , HF/(NH 4 ) 2 S 2 O 8 , HF/HNO 3 , HF/FeCl 3 , and HF/KMnO 4 were employed to etch out Si layers from Ti 3 SiC 2 and produce Ti 3 C 2 . All these examples proved that the synthesis method has undeniable effect on the resulting MXene in terms of surface termination, yield of MXene formation, and physicochemical properties. [7a] Multilayered MXenes produced by etching are usually so sticky (interlayer interactions are sixfold stronger than graphite); and therefore, delamination (e.g., through sonication) is required to obtain separated sheets. [7a,c,45] Moreover, due to the strong interlayer interaction, simple mechanical stress/sonication without intercalating agents (IAs) results in low yield of the single-layered MXenes. [46] In addition, long time sonication may decrease the size of MXene sheets and even increases the rate of defects. [28a] Therefore, it is suggested to perform delamination process in the presence of an IA to weaken the interactions and subsequently increase the yield of delamination. [38] Two types of IAs, including polar organic molecules and aqueous solution of ionic materials are used for the intercalation of MXenes. The delamination of multilayerd MXenes to single-stack sheets by polar organic molecules (e.g., DMSO, [38] isopropylamine, [33] tetraalkylammonium compounds, [46] and n-butylamine [46] ) is usually followed by mechanical vibration, while single-stack MXenes can be obtained through delamination in aqueous solution of ionic materials with or without mechanical sonication. [13,28a,37] The delamination of multilayered Mo 2 CT x and Ti 3 C 2 T x MXenes was reported through sonication in aqueous solution of HCl/LiF for 60 min, demonstrating successful exfoliation into nanosheets due to the reduced shear stress and friction between layers. [13, 47] For Mo 2 CT x , sonication procedure could increase the percentage of single flakes from 25 to 50%. [47] X-ray powder diffraction (XRD) measurements of the intercalated Ti 3 C 2 MXenes showed greater distances between lattices as compared to the HFtreated MAX phase. This difference is due to the presence of water or cations, known as common IAs, which acts as a spacer between charged layers of MXene and improves the yield of delamination process. [13] Zhang et al. [48] observed a remarkable increase in the delamination ratio for Ti 3 C 2 T x MXenes from 6.5 to 29.2% by only washing with ethanol, followed by sonication in water for 1 h. This study shows that the delaminating effect of intercalants can depend on the type of MXene and the technique used for its production. Hence, new intercalants and their impact on the delamination of different MXenes should be investigated in future. Lipatov et al. [28a] reported efficient delamination process of large flakes of Ti 3 C 2 T x with low concentration of defects without sonication by only optimizing the ratio of LiF to MAX phase and increasing the amount of HCl in the etching step. Two different routes were used to synthesizeTi 3 C 2 T x . In the first route, Ti 3 AlC 2 powder was immersed into a HCl/LiF solution where the molar ratio of LiF to MAX phase was equal to 5:1. In route 2, an excess of Li + ions was provided for intercalation through increasing the molar ratio of LiF to Ti 3 AlC 2 to 7.5:1. The etching of Al was also facilitated through two time-enhancement of the HCl to LiF ratio. As shown in scanning electron microscopy (SEM) images (Figure 2a) , the size of the flakes produced by route 1 was 200-500 nm in diameter and some of them were not completely exfoliated. Route 2 resulted in flakes with substantially larger sizes, ranging from 4 to 15 µm. High-resolution transmission electron microscopy (HRTEM) demonstrated hexagonal arrangement of atoms, showing that the crystal structures of both flakes are identical, further confirmed by selected area electron diffraction (SAED) patterns. Atomic force microscopy (AFM) was used to evaluate the thickness and shapes of the flakes produced by both methods (Figure 2b ). The height profiles measured along the dashed lines show that the flakes produced by route 1 have nonuniform thicknesses, which supports incomplete exfoliation of MAX phase prepared using the route 1. By contrast, the blue dashed line shows the same height of ≈2.7 nm for all Ti 3 C 2 T x flakes prepared via route 2. XRD patterns of the flakes fabricated with route 1 only showed 001 reflection, proving less ordered stacks compared to the flakes made with route 2 that demonstrated a series of 00l reflections as an indicative of layered structure of stacked flakes (Figure 2c ). In addition, the MXene film made by route 2 required much effort to grind (even after considerable grinding and shredding it still had coarse and big flakes), while route 1 can easily be grounded into powder (Figure 2d ). Therefore, Ti 3 C 2 T x MXenes produced by route 2 are expected to form more mechanically stable structures. Figure 2e shows the schematic process of producing Ti 3 C 2 T x flakes through both the routes.
Interestingly, instead of sonication within the IA solution, Shahzad et al. [12] could also produce single-layered large flakes with minimal defect only through gentle shaking when LiF and HCl concentration of 7.5 and 9 m were used, respectively, as optimal condition for efficient delamination of Ti 3 C 2 T x in colloidal solution. This is mainly due to the higher concentration of H + protons, which exchange with lithium ions. Few types of MXene nanosheets, such as Ti 3 C 2 T x and Mo 2 CT x , are so far produced via mere HCl/LiF etching process to delaminate the MAX phases. Therefore, using the same technique is worthy for the synthesis of single-layered MXenes with other compositions.
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In addition to the delamination effect, recognized as the main contribution of IAs for the synthesis of MXene nanosheets, they have also been investigated for their impact on the morphology of the produced nanosheets. As an example, when a high yield procedure was required to turn the MXene sheets (e.g., Ti 2 C) into scrolls, sonication in the presence of p-phosphonic acid calix [8] arene (PCX 8 ) was performed to get nanotubes with diameters ranging between 0.5 and 0.9 µm, [49] as shown in Figure 3a 1 . This study established that the sonication of MXenes in the presence of PCX n (n = 4, 5, 6, 8) IAs not only facile the delamination process, but also changes the morphology of obtained MXenes as shown in Figure 3a 2 -a 5 .
Mashtalir et al. [38] reported high yield intercalation of fluorine-terminated Ti 3 C 2 (F-Ti 3 C 2 ) with urea, hydrazine monohydrate N 2 H 4 ·H 2 O (HM), HM dissolved in N,N-dimethylformamide (DMF), and dimethyl sulfoxide (DMSO). They showed that 18 h stirring of F-Ti 3 C 2 at room temperature with intercalant, followed by a weak sonication in water (6 h at RT) [50] a 2 -a 5 ) SEM images of effect of PCX n (n = 4, 5, 6, and 8) assisted sonication on morphology of the MXenes. Thin sheet like morphology (a 2 ), sheet-like and crumpled morphologies (a 3 ), spherical particles (a 4 ), and scroll-like morphologies (a 5 ) were observed. Reproduced with permission. [49] Copyright 2017, Wiley-VCH. (Figure 4a,b) . SAED patterns of F-Ti 3 C 2 intercalated with HM in DMF demonstrated unchanged basal planes' hexagonal structure of the MXenes after intercalation (Figure 4c,d ). Shifts of major XRD patterns (Figure 4e ) after the intercalation of DMSO and urea proved the success of these intercalants for the delamination of Ti 3 C 2 T x according to the process shown in Figure 4f . Naguib et al. [46] introduced large-scale delamination technique in which the MXenes powders, including Ti 3 CNT x , V 2 CT x , and Nb 2 CT x were treated with organic base, TBAOH to induce significant swelling, which subsequently weakens the bonds among the MXene layers. A mild hand shaking step or sonication in water could result in large-scale single flakes of MXenes (Figure 5a) . Strong organic bases, such as choline hydroxide as well as weak bases like n-butylamine were also tested and could enforce swelling effect in the MXenes. However, the observed effect was less profound than TBAOH. The c-LP value increased to 36 Ǻ after 4 h treatment in choline hydroxide and to 36.3 Ǻ in n-butylamine treated samples for V 2 CT x MXenes. XRD measurements of V 2 CT x treated with different solutions confirmed a significant shift in the 0002 peaks for TBAOH as compared to other basic solutions. Application of TBAOH for delamination of multilayered Ti 4 N 3 T x into single-or few-layered flakes followed by sonication step was also reported by Urbankowski et al. [32] In this study, Ti 4 AlN 3 was etched by molten fluoride salt and delaminated by TBOAH via hand-shaking for 5 min (Figure 5b ). The resulting singleand few-layered MXene flakes were few hundred nanometers in size. Mashtalir et al. [33] intercalated Nb 2 CT x by isopropylamine (i-PrA) aqueous solution diluted with deionized (DI) water and stirred for 18 h at RT. The reason for choosing i-PrA is that first, once i-PrA is mixed with water, it forms ammonium cation RNH 3 + , which can intercalate into layers of the MXene with taking the advantage of electrostatic forces (Figure 5c ). Second, i-PrA molecules have optimum size that makes them able to overcome the steric hindrance during intercalation , respectively). e) XRD patterns of F-Ti 3 C before treatment (i), after 30 min (blue) and 3 weeks (red) of treatment with DMSO (ii) as well as after urea treatment (iii). f) Schematic of delamination process of MXene flakes. Reproduced with permission. [38] Copyright 2013, Nature Publishing Group.
www.advancedsciencenews.com www.advhealthmat.de due to their small size. On the other hand, they are sufficiently big to push the MXene layers apart and accomplish the delamination process. After centrifuging for 10 min, the intercalated Nb 2 CT x powder was sonicated in DI water for 1 h. A considerable portion of the flakes were folded or curved that shows their favorable flexibility. This study also showed that i-PrA can be used for intercalation of other MXenes like Nb 4 C 3 T x and Ti 3 C 2 T x . [33] Wang et al. [36] proposed a simple method for delamination of Ti 3 C 2 with the assistance of aryl diazonium salts. The procedure was initiated with the intercalation of HF-etched Ti 3 C 2 multilayers with ions of Na + . The diazonium salt solution was then added slowly to the intercalated MXene solution while stirring at 0-5 °C for about 4 h. Adding aryl groups to the negatively charged surfaces of MXenes can help weaken the cohesive bonding between the layers of the MXenes along the intercalating positive ions, which results in large-scale multilayered flakes. Fluoride-free fabrication of single-layered Ti 3 C 2 flakes by etching the Ti 3 AlC 2 with KOH and water is also reported. [51] The OH groups were able to take the place of Al in the MAX [32] Copyright 2016, The Royal Society of Chemistry. c) Schematic of Nb 2 CT x delamination process via isopropylamine intercalation. The blue, red, black, and white spheres represent nitrogen, niobium, carbon, and hydrogen, respectively. In the TEM image, black and pink arrows show folded regions and curved edges of the delaminated Nb 2 CT x sheets, respectively. Reproduced with permission. [33] Copyright 2015, Wiley-VCH.
www.advancedsciencenews.com www.advhealthmat.de phase and by washing the solution with H 2 O to remove KAlO 2 by-products, monolayered Ti 3 C 2 (OH) 2 nanosheets with the thickness of about 1.5 nm could be fabricated. Conclusively, most of the above-explained MXenes are fabricated through top-down methods, that is, exfoliation of bulk precursors into monolayer or few-layer sheets, resulting in poor control over surface chemistry, morphology, structure, and defects. Therefore, development of new bottom-up procedures, where atoms/molecules are assembled to fabricate supramolecular structures, is needed for better control over physicochemical properties of MXenes. [52] Furthermore, large-scale synthesis of MXenes through safer and robust methods and expanding of the 2D materials through synthesis of new MXenes require further investigation.
Biomedical Applications of MXenes

Antibacterial Activity of MXenes
Annually, many people pass away across the world from infectious diseases, such as dysentery and pneumonia. Different antibacterial agents (e.g., kanamycin, spectinomycin, and penicillin) have been administered by physicians to control or diminish the growth of microorganisms. [53] However, over-usage of these bactericidal drugs has resulted in gradual resistance of bacteria, neutralizing the proper function of antibacterial molecules. [54] This fact obliges the health communities to discover novel bactericidal compounds. [55] Therefore, the main objective of a majority of studies in this field is to develop novel antibacterial agents to alleviate the gradual resistance phenomenon of various bacterial strains. In the recent decade, the appearance of many 2D nanomaterials has brought an excellent chance to fabricate highly efficient antibacterial agents. Chemical and physical factors both play key roles in the antimicrobial activities of 2D materials against Gram-positive and Gram-negative bacteria. [56] Increased permeability across the membrane, cell membrane rupture, reduced metabolic activity, DNA destruction, and cellular membrane stress induced by sharp edges of 2D materials (physical damage of cell membranes) have been reported as the main antibacterial mechanisms of novel 2D nanomaterials. [57] The latest family of 2D materials-transition metal carbides, carbonitrides, and nitrides nanosheets-are typically employed as highpotential antibacterial agents with high stability and long-life cycle. [18,57e,58] Bestowed with large specific surface area, feasibility of chemical manipulation and functionalization, and promising potential for loading different antibacterial functional groups, MXenes are proposed as promising candidates to inhibit the growth of bacteria and fungi. Rasool et al. [18a] synthesized single-and few-layer Ti 3 C 2 T x MXenes via wet-based selective chemical etching of "Al" in Ti 3 AlC 2 phase along with delaminating Ti 3 C 2 T x powders by ultrasonication for 30 min at 450 W. Then, the antibacterial activities of single-and few-layer Ti 3 C 2 T x MXene flakes were evaluated against Gram-negative E. coli and Gram-positive B. subtilis bacteria. They investigated the inhibition effect of MAX phase (Ti 3 AlC 2 ), unexfoliated (multilayer Ti 3 C 2 T x ) and exfoliated (monolayer Ti 3 C 2 T x ) MXene sheets against both E. coli and B. subtilis bacteria. Based on the colony-counting method, the order of antibacterial activity against both bacterial strains was monolayer Ti 3 C 2 T x ≫ multilayer Ti 3 C 2 T x > Ti 3 AlC 2 , showing the relationship between the thickness of MXenes and antibacterial activity. Also, they observed a sharp drop in the number of E. coli or B. subtilis bacteria colonies with increasing dosage of Ti 3 C 2 T x , which is shown in Figure 6a . A comparison between Ti 3 C 2 T x and widely used 2D antibacterial agent (graphene oxide) showed much greater antibacterial activity of MXene toward both E. coli and B. subtilis. The optical densities (OD) growth curves of both E. coli and B. subtilis cells (Figure 6b ) demonstrated dose-dependent bactericidal activity of Ti 3 C 2 T x . To investigate the mechanism of the antibacterial effect, different morphological characterizations, such as SEM and TEM of the bacteria were tested after treatment with the MXenes. SEM images of bacterial cells of E. coli and B. subtilis (Figure 6c ) showed no membrane damage or cell death in the absence of Ti 3 C 2 T x MXene sheets. On the other hand, at 100 µg mL −1 of Ti 3 C 2 T x , bacterial cells of E. coli and B. subtilis showed obvious membrane damage and cytoplasm leakage. The red circles in panel 2 show this phenomenon obviously. Additionally, evidences of the cell wall and membrane damage were identified by TEM imaging (panel 3). TEM images of E. coli and B. subtilis, exposed to 200 µg mL −1 of Ti 3 C 2 T x , illustrated that MXene sheets can interact with the cellular membranes of both bacteria, strip down the cell walls and enter within the bacteria. [18a] Lactate dehydrogenase (LDH) release assay was also performed to quantitatively find the extent of cell damage, showing the concentration-dependent cytotoxicity of Ti 3 C 2 T x .
In another study, [57e] the same research group fabricated micrometer-thick Ti 3 C 2 T x MXene-based membranes with antibacterial properties. The fresh Ti 3 C 2 T x MXene-based membranes showed the antibacterial rate of 67% against E. coli and 73% against B. subtilis as compared with that of polyvinylidene fluoride (PVDF) membrane used as control. Interestingly, the aged Ti 3 C 2 T x MXene-based membranes could inhibit more than 99% of bacterial growth. According to the flow cytometry result, 70% of both bacteria were dead after exposure to the membranes for 24 h. In line with other reports, [18a] damage of the cell surfaces was reported as the main mechanism of growth inhibition of both bacteria, which were morphologically confirmed via SEM and AFM analysis. In contrary to the Ti 3 C 2 T x with superior toxicity toward bacteria, Jastrzębska et al. [58b] reported lack of bactericidal properties of Ti 2 CT x MXene against Sarcina, Staphylococcus aureus, and Bacillus sp. Only when the bacterial cells sip into the expanded layers and placed between the individual sheets of the expanded Ti 2 CT x , minor apoptosis for the Bacillus sp. strain was observed. A comparison between the observation of Rasool et al. [18a,57e] and Jastrzębska et al. [58b] indicates that the stoichiometry (configuration) of the MXenes plays a key role in determining their toxicity and bioactivity toward bacteria cells. In a recent study, Jastrzębska et al. [58a] investigated the antibacterial influence of the atomic structure of MXene sheets (i.e., Ti 2 CT x and Ti 3 C 2 T x ) on the E. coli bacteria. They synthesized Ti 2 C and Ti 3 C 2 MXene phases using same method from their parent Ti 2 AlC and Ti 3 AlC 2 MAX phases at the same operational conditions. Synthesis of both MXenes sheets in similar condition led to the same terminations (F and OH functional groups), which is commonly www.advancedsciencenews.com www.advhealthmat.de labeled by T x . So, it was assumed that the only difference between the synthesized Ti 2 C and Ti 3 C 2 MXene phases is the molecular structure. The results showed the inhibitory effect of Ti 3 C 2 MXene phases against E. coli, while Ti 2 C did not show any antibacterial property. Pandey et al. [59] synthesized a novel Ag-decorated Ti 3 C 2 T x MXene-based composite membrane with the capability of ultrafast water purification. The novel Ag-decorated Ti 3 C 2 T x MXene-based composite membrane was fabricated with different percentage of the silver nanoparticles (AgNPs). The successful procedure of silver decoration by self-reduction of AgNO 3 on the surface of MXene sheets was confirmed using morphological, functional, and structural characterization methods. Interestingly, AgNPs were located between the MXene layers and formed a slit interspacing of 1-4 nm. The created gaps act as channels to flow the water, leading to production of a membrane with high water flux (Figure 7a) . The bactericidal properties of 21% Ag-decorated Ti 3 C 2 T x membrane and Ti 3 C 2 T x membrane were analyzed against E. coli. Interestingly, compared to the PVDF membrane used as control, more than 99% cell growth inhibition for Agdecorated Ti 3 C 2 T x membrane and 60% for Ti 3 C 2 T x membrane were observed (Figure 7b ). The same results were obtained when the numbers of colonies grown on the different membranes were counted (Figure 7c ). Although Pandey et al. [59] did not mention, we believe the overall enhanced antibacterial activity can be attributed to both inherent antibacterial activity of Ag and Ti 3 C 2 T x as well as the electrostatic adsorption of negatively charged bacteria membrane due to positive charges of the decorated Ag on the surface of MXenes. The reported mechanism of bacterial growth inhibition was cell damage through particle penetration into the cells and reducing their metabolic activity. The SEM image of a bacterium on the PVDF membrane showed no membrane damage, while the bacterium exposed to Ag-decorated Ti 3 C 2 T x membrane was crumpled with damaged membrane (Figure 7d ). Since researchers have been able to experimentally synthesize many different types of MXene compositions. [7c] further studies are required to find the best type of them with maximum antibacterial activity. Due to their unique structure, MXenes can adopt different functionalities, which some of them may possess an undiscovered antibacterial potential that can be recommended as a good alternative for Ag NPs in near future.
PTT of Cancer
Numerous investigations have identified nanosized materials with various geometries and properties for cancer therapy through different principles. [60] The rationale behind this practice is to improve antitumor efficacy and to minimize systemic side effects of conventional therapies to healthy tissues. As a novel approach, PTT is recommended for targeted heating www.advancedsciencenews.com www.advhealthmat.de of photothermally active nanomaterials at the site of cancer without damaging the surrounding healthy tissue. These materials absorb nontoxic electromagnetic radiation in the NIR window (650-900 nm) for the killing of cancer cells. The efficiency of in vivo PTT depends significantly on the depth of tumor tissue and its location, accumulation of light-responsive materials and their light-to-heat conversion potential, as well as the light dose (i.e., light exciting time and light power density). MXenes are recently investigated for cancer therapy through tumor hyperthermia. [16a,b,25,61] Yu et al. [16a] used Ti-MXene quantum dots (MQDs) for this purpose. Prior to thermotherapy investigation, they initially revealed negligible in vitro toxicity of QDs on HeLa, MCF-7, U251, and HEK 293 cell lines even at high concentration (Figure 8a 1 ) . In vivo biocompatibility studies, such as body weight screening, blood test, and hematoxylin and eosin (H&E) staining for histological monitoring also indicated no significant signs of abnormality (Figure 8a 2 ,a 3 ). For example, H&E staining displayed no obvious tissue damage in the tested organs. Moreover, white blood cells, hemoglobin, and platelets were recorded within normal range. These results prove that Ti-based MXene QDs have no side effect or cytotoxicity to mice at a wide range of concentration. Next, NIR-based thermotherapy with synthesized 2D MXenes demonstrated the enhancement of the surface temperature of tumor tissue to ≈60 °C within 5 min of laser irradiation, which was logically sufficient to ablate tumor. Remarkably, tumors were completely eliminated without reoccurrence in a 14 d period in animals under treatment with Ti-based MXene QDs and NIR irradiation (Figure 8a 4 ). In contrary, the temperature of tumor tissue in the control group, which does not receive MXene particles, demonstrated a slight change under the same dosage of irradiation. In vitro PTT against the tumor cells was also examined by Dai et al. [16b] They showed the photothermal conversion ability of manganese oxide nanoparticles and soybean phospholipid (SP) modified 2D titanium carbide MXenes (MnOx/Ti 3 C 2 -SP) (Figure 8b 1 ) on 4T1 breast cancer cell line model. Photothermal ablation efficiency was tested via exposure of 2D composite to 808 nm laser at different powers. The small planar size of nanosheets could guarantee efficient endocytosis and localization within the cytoplasm of cancer cells. Tumor temperature in the MXene + NIR group increased within 10 min of laser irradiation, which is sufficient to destroy cancer cells. Comparatively, no significant temperature increment was recorded in the group solely treated with NIR laser. This observation shows high tumor-suppressing effects of the MXene through NIR-mediated PTT as it was proved by live-dead costaining of 4T1 cells with calcine AM (green) and propidium iodide (PI; red) (Figure 8b 2 ) . In vivo biocompatibility analysis was further systematically examined by intravenous administration of 2D composite to healthy mice with different dosages. The result indicated no change during the whole feeding period without notable toxicology profile. Furthermore, H&E staining of major organs was performed to evaluate pathological changes after the injection of nanosheets, indicating no significant damage to different organs tested, supporting low biotoxicity and high biocompatibility of MnOx/Ti 3 C 2 -SP MXenes in vivo. Reproduced with permission. [59] Copyright 2018, The Royal Society of Chemistry.
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Tumor sections of an animal model treated with MXenes and 808 nm laser irradiation were collected for H&E staining, TUNEL assay, and Ki-67 antibody staining. Necrosis of tumor cells was visible in both H&E and TUNEL images of the group treated with MnOx/Ti 3 C 2 -SP + NIR, indicating the high antitumor efficiency of MnOx/Ti 3 C 2 -SP mediated PTT (Figure 8b 3 ) . The Ki-67 antibody staining also showed significant suppression of cancer cell proliferation in vivo (Figure 8b 4 ) . Interestingly, this study revealed the improved biocompatibility of the Ti 3 C 2 nanosheets after SP coating since high viability was observed even in high concentrations tested. In another study, increased concentration of bare Ti 3 C 2 resulted in reduced cell viability as well as cell-type dependent toxicity. [61] To verify the correlation of decreased cell viability after MXene treatment with induced oxidative stress, intracellular reactive oxygen species were measured using DCF-DA. After 24 h of incubating 2D Ti 3 C 2 nanosheets with different cell lines, a statistically significant increase in fluorescence intensity The change of hemoglobin and other biological blood parameters were very low at days 1, 7, and 14 postinjections of nanosheets to the healthy Balb/c mice. The untreated healthy Balb/c mice were considered as controls. a 3 ) Histological data obtained from the heart, liver, spleen, lung, and kidney of the MXene-treated mice showed no damage to tested organs at days 1, 7, and 14 post-injection (scale bar is 100 µm). The images shown are from day 14. a 4 ) Photothermal images, temperature plot, and time-dependent tumor size in a cancerous mouse model after treatments with phosphate-buffered saline (PBS; negative control) and MXene QDs followed with a NIR laser irradiation. Reproduced with permission. www.advancedsciencenews.com www.advhealthmat.de (a parameter proportional to the level of intracellular reactive oxygen species) was observed. [61] Theranostic nanomedicines of 2D Ti 3 C 2 MXene nanosheets are also reported for concurrent diagnostic imaging and therapy through surface engineering of the MXenes by GdW 10 -based polyoxometalates (POMs). [62] The GdW 10 @Ti 3 C 2 composite could effectively eradicate tumor tissue after simultaneous hyperthermia treatment as well as MR and CT imaging guidance toward tumor cells. GdW 10 nanoclusters were served as the contrast agent. This investigation was a creative strategy for broadening the biomedical applications of MXenes via surface functionalization.
Moreover, a novel ultrathin 2D niobium carbidepolyvinylpyrrolidone (Nb 2 C-PVP) MXene (Figure 9a ) was studied by Lin et al. [16c] as biocompatible phototherapeutic agent for highly efficient in vivo ablation of tumor in mouse. The highlighted advantages of using Nb 2 C nanosheets prepared by hybrid liquid-exfoliation methodology was deep tissue PTT compared to other conventional nanoparticles, high photothermal conversion efficiency (36.4% at NIR-I and 45.65% at NIR-II), and negligible deterioration of NIR absorbance, suggesting the Nb 2 C MXene as a long-lasting photothermal agent for PTT-mediated cancer therapy. The vis-NIR absorbance peak of the Au nanorods (Au NRs) weakened significantly after laser irradiation under the same condition as tested for Nb 2 C MXene (Figure 9b 1 ,b 2 ) , clearly confirming better photostability performance of Nb 2 C MXenes compared to the traditional PTT agents (Figure 9b 3 ,b 4 ) . The developed MXenes demonstrated no significant toxicity both in vitro and in vivo in spite of efficient in vivo tumor ablation through NIR-I or NIR-II absorbance and heat production in the tumor site (Figure 9c ). This finding confirms the clinical-translation potential of Nb 2 C as a PTT agent. [16c] The impact of tantalum (Ta) based MXenes on tumor ablation was explored in another study. The fabricated Ta nanosheets were surface engineered with MnOx to provide a high-performance theranostic nanoagent for efficient combat against cancer tissues. [17] The surface temperature of tumors, assessed by infrared thermal imaging camera, was sufficiently high for tumor ablation after 10 min of exposing MXenetreated animals to the NIR laser. The MnOx-Ta 4 C 3 :SP treated mice were reported healthy after 60 d of treatment without any observation of tumor recurrence. In contrary, survival rate was continuously diminished in the other groups treated with laser or nanosheets alone, confirming high in vivo therapeutic efficiency of PTT by means of Ta-based MAX materials. In addition, H&E staining analysis as well as TUNEL and Ki-67 antibody staining of tumor slices were examined to study the mechanism of photothermal effect after 24 h of NIR irradiation.
Drug Delivery
One of the main biomedical applications of nanosheets is drug delivery, particularly through rate-controlled release or synergistic therapy for alleviating disease progress. [63] As of today, cancer is one of the main challenges facing mankind and causes numerous deaths worldwide every year. Similar to many other types of nanoparticles that can attack cancer cells efficiently through controlled drug release and enhancing cellular uptake of the payloads, [64] MXenes were preliminary investigated as a tool for combatting cancer. [20b,25] Han et al. [20b] reported ultrathin SP-modified Ti 3 C 2 nanosheets as efficient drug carrier and synergistic therapeutic agent for tumor eradication. The nanosheets exhibited pH-responsive and NIR laser-triggered operations with the ability of monitoring during cancer therapy. Doxorubicin (Dox), a potent chemotherapeutic medicine, was used as a model drug. UV-vis analysis of absorption peaks confirmed the successful loading of the drug onto the surface of Ti 3 C 2 -SP. The high drug loading was mainly due to the ionic interaction occurred between the negatively charged surface of Ti 3 C 2 -SP MXenes and positively charged Dox molecules. Besides, zeta potential changes proved the electrostatic interaction of the drug with the MXenes. The Ti 3 C 2 MXenes not only exhibited high drug-loading capability of 211.8%, but also showed both pH-sensitive and on-demand NIR laser-triggered drug release. Figure 10a 1 shows unique pH dependence release of the Dox from Ti 3 C 2 -SP MXenes. After 12 h, drug release in pH values of 7.4, 6.0, and 4.5 reached to 14.2, 33.9, and 58.0%, respectively. It is presumed that H + can interfere with the electrostatic interaction between Dox and Ti 3 C 2 -SP and accelerates drug release. NIR irradiation at 808 nm could also increase the release rate in all three tested pH values (Figure 10a 2 ) due to the local thermal effect. Intracellular drug-delivery capability of Ti 3 C 2 -SP was evaluated by means of confocal laser scanning microscopy (CLSM), showing the intracellular red fluorescence of loaded Dox after 4 h of coincubation with 4T1 cancer cells (Figure 10a 3 ). This observation indicates that the Ti 3 C 2 -SP could be endocytosed into cancer cells and release the loaded payloads in the mildly acidic intracellular microenvironment. The live and dead staining of the cancer cells also proved higher cell-killing effect of Dox@Ti 3 C 2 -SP compared to free Dox, which can be attributed to enhanced cellular endocytosis when nanosheets are used as carrier. The Dox@Ti 3 C 2 -SP combined with NIR irradiation caused the highest cell death due to the synergistic effect of PTT and chemotherapy (Figure 10a 4 ) . Notably, it seems the low accumulation of the Dox@Ti 3 C 2 -SP in the tumor site through passive targeting was sufficient to achieve desirable therapeutic outcome. Nevertheless, we believe future studies can explore surface modification with active-targeting antibodies, peptides, or polymers to further enhance the delivery efficiency of Ti 3 C 2 -SP nanosheets for getting better response or reducing the dose of nanosheets. For example, another study demonstrated active targeting through layer-by-layer Dox and hyaluronic acid (HA) surface coating on the Ti 3 C 2 platforms, achievable due to the negatively charged hydroxyl groups available on the surface of the nanosheet. [25] As shown in Figure 10b 1 , HA-coated MXenes could target cancer cells through high affinity to CD44 receptors available on the cell membrane. After cellular uptake, Dox molecules could get released from the MXene and induce apoptosis, which further improves the anticancer effect obtained from NIR irradiation and temperature elevation within the cancer cells. Drug loading capacity was as high as 84.2% and enhanced tumor accumulation was achieved through both active targeting to CD44-positive tumor cells and enhanced permeability and retention (EPR) effect. Temperature-and pH-triggered drug release (Figure 10b 2 ) could render outstanding benefits to the system for localized chemotherapy and PTT. In vivo experiments were carried out to clarify remarkable tumor ablation effect of the drug-loaded nanosheets at a low dose when NIR laser is applied (Figure 10b 3 ,b 4 ). Fluorescence-assisted biodistribution screening showed high accumulation of the drug within the tumor and very low amount in spleen, lung, and heart. One of the main challenges of applying MXenes in drug delivery is the lack of confined space in their structure for the high loading of drug molecules. Researchers have so far benefited from the large surface area of MXene for the conjugation of therapeutic molecules. This approach might suffer from low loading capacity, possibility of suppressed therapeutic functionality of drugs if the conjugation is through covalent bonding, and also undesirable drug release profile (very slow if conjugated through covalent bonding or burst release if physically attached to the surface of MXenes). In an elaborately designed study, the surface nanopore engineering of Ti 3 C 2 MXene was performed through facile sol-gel chemistry. Under the alkaline synthetic condition, the surface of MXene was coated with a thin layer of mesoporous silica (Ti 3 C 2 @mMSNs) using cetanecyltrimethylammonium chloride (CTAC) as the mesopore-directing agent and tetraethylorthosilicate (TEOS) as the silica precursor (Figure 11a) . Arginine-glycine-aspartic acid (RGD) was used as a targeting ligand and Dox was used as anticancer drug molecule. The surface-nanopore engineering could combine the advantages of MXenes as photothermal conversion nanoagents and porous silica as drug-delivery vector (Figure 11b) . The acidity-responsive property (Figure 11c ) of the nanocomposite can be attributed to the decrease of electrostatic interaction between the drug and the porous shell at lower pH values, facilitating a controllable release in tumor region. NIR laser-induced hyperthermic stimulus of the drug release could also be observed (Figure 11d ). The elevation of NIR power could also increase the rate of drug release due to the faster heat-stimulated dissociation of the strong binding between the drug and silica shell. 
MXene Nanosheets for Bioimaging
Photoacoustic Imaging (PAI)
PAI is a hybrid noninvasive biomedical imaging technology that shines nonionizing laser pulses on biological tissues, and then, measures ultrasonic emission generated through the conversion of light into the heat within tissues. Photoacoustic effect refers to the conversion of initial laser light to ultrasonic waves, which can be detected by ultrasonic transducers for further image production. Tumor growth curves (n = 4, mean ± SD, *P < 0.05, **P < 0.01) during treatment of the animal model with the drug-loaded nanosheets. b 3 ) Digital photographs of tumors from different groups of animals. Reproduced with permission. [25] Copyright 2017, American Chemical Society.
www.advancedsciencenews.com www.advhealthmat.de visualize biological organs or tissues in animals or human with simultaneous high contrast and high spatial resolution. Titanium carbide MQDs have strong and wide NIR absorption range that can be considered as a desirable criteria for PAI of tumors. [16a] The concept of MXene-based PAI is shown in Figure 12a . The screening of the PA images of titanium carbide MQDs at different excitation wavelengths (680, 710, 740, 770, 790, and 808 nm) demonstrated that the optimal PA signal occurs at the wavelength of 680 nm (Figure 12b) . Moreover, the PA signal of the samples constantly increased at higher concentrations of Ti 3 C 2 QDs, proving the suitability of MQDs for PAI applications (Figure 12c ). The mass extinction coefficient, a numeric for describing the optical absorption capability was 52.8 L g −1 cm −1 at 808 nm for MQDs, which is remarkably higher than any other photothermal materials reported so far. For instance, AU nanorods, reduced GO, TiS 2 nanosheet, MoS 2 , FeS, and Bi 2 S 3 nanoflowers have shown a mass extinction of 13.9, 24.6, 28.6, 29.2, 15.5, and 20.5 L g −1 cm −1 , respectively. [65] The in vivo imaging of mice (at 680 nm wavelength) intratumorally injected with MQDs showed a high PA signal intensity in tumors with an increase of ≈0.7-fold when exposed to laser irradiation, indicating the effectiveness of the MQDs as contrast agents for PA imaging guided cancer therapy.
Biocompatible MnOx/Ta 4 C 3 -SP composite nanosheets are also tested as contrast-enhancing agent for PA imaging due to their high photothermal conversion capability. The PA signal showed a linear relation with the concentration of Ta element in MnOx/ Ta 4 C 3 -SP, pointing out the desirable capability of MnOx/Ta 4 C 3 -SP nanosheets for PA imaging. Besides, as shown in Figure 12d , the in vivo PAI capability of MnOx/Ta 4 C 3 -SP composite nanosheets in 4T1 tumor bearing mice represented rapid enhancement of PA signals, which could be easily detected within the time range of 10-60 min post-injection. [17] Contrary to MnOx/Ta 4 C 3 -SP composites, the in vivo study of MnOx/Ti 3 C 2 -SP nanosheets demonstrated a gradual enhancement in PA signal and prolonged observation time of 24 h, mainly attributed to the slow accumulation of the MnOx/Ti 3 C 2 -SP composited within tumor via the EPR effect. [16b] In general, Ta 4 C 3 MXenes have revealed much higher photothermal conversion efficiency as compared to that of Ti 3 C 2 MXenes. That is the reason for observing bigger PA values for Ta 4 C 3 -SP compared to MnOx/Ti 3 C 2 -SP as a function of MXene concentration (Figure 12e ). [16b,e] Nb 2 C-PVP nanosheets have also shown strong NIR absorbance at the excitation light of 704 nm and high photothermal conversion efficiency for PA imaging applications. [16c] In general, as a highly promising imaging modality approach, MXene-based PAI can hopefully break through the penetration limitation of traditional optical imaging techniques due to its low tissue-attenuation coefficient. This can afford the real-time monitoring of biological structures and imaging-guided evaluation of the therapeutic process. [66] 
Magnetic Resonance Imaging (MRI)
As a noninvasive imaging tool, MRI technique possesses favorable spatial resolution, high soft tissue contrast, and absence of ionizing radiation. Therefore, applying this technology for bioimaging is of interest and various types of contrast agents are designed to further enhance the sensitivity of MRI for obtaining information-rich images. Recently, research efforts have been shifted toward the design and synthesis of new nanomaterials to improve the quality and specificity of MRI. Different nanostructures and magnetic alloys, such as nickel, iron, and gadolinium are utilized for MRI. [67] Manganese (Mn) based materials are newly developed paramagnetic agents with relatively higher biosafety and lower toxicity as MRI contrast agents in comparison to other aforementioned materials. [16b] For example, manganese oxide nanomaterials have attracted much attention of biomedical communities due to their great potentials in bioimaging. [68] In situ growing of manganese oxide nanoparticles on Ti 3 C 2 and Ta 4 C 3 MXenes was proposed by triggering the redox reaction between the reducing surface of MXenes and strongly oxidative MnO 4 to synthesize MnOx/ Ti 3 C 2 and MnOx/Ta 4 C 3 nanosheets for MRI. [16b,17] The MnOxfunctional patterns on the MXene nanosheets are pH-and glutathione (GSH)-sensitive, known as important criteria for tumor imaging applications. The pH-responsiveness capability of the MnOx based nanocomposites are due to instability of MnO bonds in mild acidic and reductive conditions of tumor microenvironment. [16b] Superparamagnetic Fe 3 O 4 nanoparticles (IONP) have been extensively explored as the efficient contrast agents for T 2 -weighted MR imaging. [69] Therefore, the surface attachment of the IONP on the Ta 4 C 3 MXenes has been recently explored to endow these novel nanosheets with contrast-enhanced T 2 -weighted MR imaging capability. [70] Figure 13a ,b shows the schematic procedure of Ta 4 C 3 -IONP-SP synthesis as well as imaging and elemental analysis for the confirmation of successful formation of the composite. The particles not only showed very promising photothermal ablation of cancer cells, proved by Calcein-AM and propidium iodide (PI) costaining of 4T1 (Figure 13c ) cells, but also revealed a remarkable concentration-dependent and contrast-enhanced negative T 2 -weighted MR signals (Figure 13d 1 ) Figure 13d 2 . The intensity of the signal was reduced over time. Based on these results, it is expected that superparamagnetic Ta 4 C 3 -IONP-SPs can desirably monitor the therapeutic process in vivo through MRI imaging.
X-Ray Computed Tomography (CT) and Optical Imaging
CT is one of the most powerful techniques for recognizing metastases with high spatial resolution and deep tissue penetration. [71] Recently, 2D materials have attracted the interest of scientific community for biomedical applications due to their unique physiochemical and structural properties. [1a,16d] High atomic number elements such as bismuth, cesium, tin, tantalum, lanthanides, and tungsten are known as potential materials for CT imaging due to their ability for attenuating X-rays.
[72] Ta 4 C 3 , as an MXene family, is a new intriguing contrast agent candidate in CT applications due to high atomic number of tantalum (Z = 73), high X-ray attenuation (Ta: 4.3 cm 2 kg −1 at 100 eV), and ability for surface engineering as compared to other rivals, such as gold. [70, 73] Dai et al. [17] have studied the application of Ta 4 C 3 composite nanosheets for contrast enhanced CT imaging application. In situ growth of manganese oxide nanoparticle on the surface of Ta 4 C 3 was conducted by redox reaction to produce MnOx/Ta 4 C 3 MXenes, which their surfaces were further modified with SP to enhance biocompatibility and dispersity of the nanosheets. It was shown that there is linear relationship between Ta concentration and Hounsfield units (HU) of the composite such that increasing the Ta concentration results in higher contrast and resolution in vitro. Application of MnOx/Ta 4 C 3 -SP for in vivo CT was studied by intravenous (i.v.) injection of MnOx/Ta 4 C 3 -SP composite to Balb/c mice bearing 4T1 tumors. A strong contrast in the mice tumor was observed with a raise of HU value from 78 before the i.v. injection to 132 HU after the i.v. injection, which proves the abilities of MnOx/Ta 4 C 3 -SP for contrast-enhanced CT imaging. Similar to MnOx/Ta 4 C 3 -SP composites, Lin et al.
[16e] showed linear relationship between Ta concentration and HU for Ta 4 C 3 -SP nanosheets (Figure 14a 1 ) . Besides, they found that Ta 4 C 3 -SP provides higher contrast compared to iopromide, a commercial iodine-based CT contrast agent used in the clinic (Figure 14a 2 ) . In vivo CT imaging of 4T1 tumor-bearing mice showed the enhancement of HU from 83 before the injection to 232 after the injection (Figure 14a 3 , 4 ) . In another study, the growth of IONPs on the surface of tantalum carbide was performed in situ to form Ta 4 C 3 -IONP.
[70] The process was followed by surface modification with SP to increase the biocompatibility of the Ta 4 C 3 -IONP MXenes. A linear relationship between concentration of Ta 4 C 3 -IONP-SP and measured HU was observed in vitro, which was higher than iodine-based agents at the same concentration. For in vivo CT imaging of 4T1 cell-bearing breastcancer nude mice, gradual contrast improvement in transverse, coronal, and 3D-rendering CT images of Ta Reproduced with permission. [70] Copyright 2018, Ivyspring International Publisher.
www.advancedsciencenews.com www.advhealthmat.de after the i.v. injection suggests this composite as CT contrast probe in the imaging of breast tumors. In addition to different types of 2D materials (e.g., MoS 2 , graphene, phosphorene, etc.) investigated for the fabrication of QDs and optical bioimaging purposes, [75] MXene-derived QDs are recently fabricated since they favorably exhibit unique chemicaland photostability, high dispersibility in both hydrophobic and hydrophilic media (due to existence of polar and nonpolar functional groups), low cytotoxicity, and tunable photoluminescence (PL) properties that are tunable by changing the size, shape, or functionality of the prepared QDs. [74] Zhou et al.
[74b] synthesized amphiphilic carbide-derived graphene quantum dots (GQDs) through solvothermal treatment of Ti 3 C 2 T x MXenes in DMF, which acted as a nitrogen-doping agent for the formation of highly fluorescent GQDs (Figure 14b 1 ) . The prepared QDs showed excitation-dependent PL behaviors such that changing the excitation wavelength from 300 to 440 shifted the emission peak from 390 to 490 nm. Cytotoxicity was tested by studying viability of 293T cells and MCF-7 cancer cells. The results showed close to 90% viability at 400 µg mL −1 concentration of the QDs. The carbide-derived GQDs were proposed as a promising light-emitting composite, which could be applied for fluorescent ink and cellular imaging investigations (Figure 14b 2 -b 5 ) .
Xue et al. [76] fabricated monolayer photoluminescent Ti 3 C 2 MQDs by hydrothermal method in which the resulting morphology, size, and thickness of the prepared QDs could be tuned by changing the reaction temperature from 100 to 150 °C. Results showed that MQDs that were prepared at 100 and 120 °C exhibit high quantum yield of 9.9 and 8.9%, which makes them great candidates for multicolor imaging applications. No significant change in the intensity of the PL was observed at different pH values. This indicates favorable surface passivation of the MQDs and possibility of usage in different pH conditions. Imaging potentials of the MQDs were tested by in vitro imaging of RAW264.7 cells. Merged confocal and bright-field images showed that the MQDs mainly locate in the vicinity of the cell membrane and penetrate to the cytoplasm without a remarkable interaction with the nucleus, indicating that the MQDs will not induce genetic disruption. Biocompatibility of the MQDs was tested on RAW264.7 cells and it was noted that MQDs prepared at 150 °C are not suitable for bioapplications due to excessive amount of carbon in their structures.
MXene Biosensors: Fabrication and Biomedical Applications
Due to the combined surface hydrophilicity, metallic conductivity, and 2D layered atomic structure, [29, 77] exploitation of MXenes in biosensing has sparked great interests. [77c,78] These materials are promising candidates to create biologically compatible devices for rapid, easy, and label-free detection of biological events. MXenes are applied for the fabrication of www.advancedsciencenews.com www.advhealthmat.de wearable gas sensors [19c] that can efficiently operate at room temperature. [7a] For instance, Ti 3 C 2 T x nanosheets were produced by removal of Al atoms from Ti 3 AlC 2 and integrated on flexible polyimide platforms using a simple solution casting method in order to detect methanol, ethanol, ammonia, and acetone gas (Figure 15) . [22] The developed device is proposed for continuous physiological monitoring of different gases in human breath for early illness detection. For example, ammonia can be measured for the monitoring of lung disorders and acetone is generated in diabetic patients. [79] The sensing performance of the fabricated wearable device is ascribed to the effective adsorption/desorption of the sensing molecules on the surface of Ti 3 C 2 T x sheets, [80] which leads to the alteration in the electrical performance of the MXene surface. The Ti 3 C 2 T x device exhibited a p-type sensing behavior, attributed to the water and oxygen molecules adsorbed on the surface during the etching process of Al. Surface adsorption of gas molecules to the partially charged surface functional groups of the MXene will reduce the concentration of charge carriers on the Ti 3 C 2 T x film, resulting in the sensing of increased resistance. One of the main principles for the fabrication of mediatorfree electrochemical biosensors is direct electron transfer (DET) between an enzyme and an electrode. Since electroactive center is deeply embedded within the structure of proteins and DET process does not occur very effectively, MXenes with excellent enzyme immobilization abilities are proposed to facile the DET for better performance of the electrochemical biosensing. [78b] Ti 3 C 2 MXenes with paralleled flake-like structure were able to entrap an enzyme within the interior areas of nanolayers and accelerate the mobility of charge carriers for better electrical communication and mediator-free biosensing of H 2 O 2 in a linear range from 0.1 to 260 × 10 −6 m and very low detection limit of 20 × 10 −9 m.
[78b] TiO 2 can also be loaded onto MXenes in order to endow the H 2 O 2 -sensing device with two main advantages, [81] including (1) increased surface area available for enzyme adsorption compared to the bare MXene and (2) providing a desirable microenvironment for the better stability and activity of enzymes due to the favorable biocompatibility of TiO 2 . Detection of H 2 O 2 is very important for the development of oxidase-based biosensors and it is utilizable in numerous applications, such as food industry as well as in pharmaceutical, clinical, and environmental samples. [82] In a recent work, electrochemical performance of Ti 3 C 2 T x in an aqueous solution for potential sensing of H 2 O 2 resulted in a limit of detection of 0.7 × 10 −9 m and very short response time of nearly 10 s. [19b] Au/MXene nanoplatforms are also tested as transducers for electrochemical-based enzymatic detection and quantification of glucose. [83] Physical adsorption (drop casting) of glucose oxidase (GOx) enzyme, as recognition element, on Nafion solubilized Au/ MXene nanocomposite embedded over glassy carbon electrode (GCE) resulted in an amperometric glucose biosensor. Nafion solution was used for the better adhesion of enzyme molecules to the GCE. [84] Au nanoparticles could facilitate the electron exchange between the electroactive center of GOx and the electrode. Linear amperometric response in the glucose concentration range of 0.1-18 × 10 −3 m was achieved for the GOx/Au/MXene/ Nafion/GCE biosensor. Excellent stability, repeatability, high sensitivity of 4.2 µA mM −1 cm −2 and a detection limit of 5.9 × 10
(S/N = 3) were highlighted as significant characteristics of the fabricated biosensor. GCE is a popular biosensor immobilization matrix due to its mechanical stability, compactness, solidity, and impermeability to gases and liquids. [85] Physical adsorption was used in order to incorporate enzymes to Au/MXene transducers without changing their native conformation. [86] In this study, particular attention was paid to the performance of the developed electrochemical biosensor in terms of sensitivity, selectivity, detection limit, and linearity range by improving the specific surface area, conductivity, charge transfer properties, and more importantly the catalytic activity of the sensing matrix. Increased surface area could produce more current, which in turn, improved the sensitivity and linearity of the biosensor. Image of fabricated electrodes after MXene deposition and schematic illustration of surface functional groups on the nanosheets. c) Sensing of 100 ppm ethanol, methanol, acetone, and ammonia gas using Ti 3 C 2 T x device at room temperature (25 °C) . The initial resistance of the device was around 10 kΩ. Upon the introduction of gases, the resistance was amplified, and it was diminished without the gases, showing a p-type sensing behavior. Reproduced with permission. [22] Copyright 2017, American Chemical Society.
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Detection of cells and macromolecules by Ti 3 C 2 MXene is also reported. The simplicity of applying MXenes for micromachining and printing various geometries with large contact surfaces is a pragmatic capability to probe cellular functions in a biologically relevant context. In future, this property might detract the popularity of other complicated and low-yield/highcost manufacturing procedures (e.g., chemical vapor deposition, epitaxial growth, or mechanical exfoliation) for the fabrication of field-effect transistor (FET) devices. In a pioneering work, micropattering of ultrathin conductive Ti 3 C 2 on glass substrates could fabricate FET transistors for highly sensitive labelfree detection of dopamine neurotransmitters (Figure 16a) . [87] The detection was based on doping effect, provoked by the p-p interaction between dopamine and the electrons from the terminal groups (e.g., OH or F). The micropatterns were created by microcontact printing (µCP) of ultrathin MXene using PDMS stamps, which was then printed onto 3-aminopropyltriethoxysilane (APTES) modified coverslips (Figure 16b,c) . Real-time monitoring of changes in the conductance of the device could be measured for varying concentrations of dopamine (Figure 16d ). This device was also successfully tested for the monitoring of spiking activity in primary hippocampal neurons, schematically shown in Figure 16e . Desirable safety of MXenes in long-term cultures was a remarkable characteristic, recognized with normal morphology of neurons with visible neurites on the MXene substrates (Figure 16f ). Cell monitoring is also reported by Xue et al., [76] who synthesized photoluminescent Ti 3 C 2 MQDs through a hydrothermal method for in vitro bioimaging of RAW264.7 cells. MXenes usually exhibit low photoluminescence, which significantly limits their usage in optical sensing. This study showed that the ultrasmall and atomically thin Ti 3 C 2 MQDs exhibit excitation-dependent PL spectra with quantum yields around 10% due to small lateral size of MXenes (<10 nm), which causes strong quantum confinement. In fact, Ti 3 C 2 MXenes possess small bandgap (around 0.1 eV), which can be enlarged through quantum effects to achieve luminescence emission.
Although metal-oxide semiconductors (MOS) are currently good candidates for sensing purposes, they simultaneously generate high signal and low noise just at high temperature, a critical limitation for using them in portable sensing devices. MXenes are proposed as an alternative owing to their sensing capability at room temperature. Unlike MOS-based sensors that atmosphere-dependent surface conductivity governs their sensing mechanism, charge transfer from adsorbed molecules plays a key role in the sensing mechanism of 2D MXenes. The coexistence of metallic conductivity and fully covered surface functionalities provide a unique opportunity for (1) detecting high signal as the abundant functional groups on the surface provide adsorption sites for strong binding with analytes and (2) minimizing the noise due to the intrinsic high metallic conductivity. Benefited from these properties, very sensitive detection of volatile organic compounds is reported for the early diagnosis of diseases. [19c] Ti 3 C 2 T x MXene films, shown in Figure 17a 1 were able to detect acetone, ethanol, and ammonia at very low limit of detection of less than 100 parts per billion (ppb), surpassing the best sensors thus far reported (Figure 17a 2 ) .
[19c] Interestingly, Ti 3 C 2 T x sensors were able to show resistance alteration for www.advancedsciencenews.com www.advhealthmat.de different types of gases (oxidizing or reducing type) adsorbed on their surface, indicating that the charge carrier transport could be hindered with various gases adsorbed. This phenomenon cannot be observed in sensors made of semiconducting materials because the response is dependent on electron-accepting or donating properties of adsorbed analytes as well as the dominating charge carrier type (p-, n-type) of the sensing material. [88] Therefore, it is concluded that the positive response of Ti 3 C 2 T x MXene films to different gases is associated to its reduced metallic conductivity due to the blockage of charge carriers and increased resistance upon gas adsorption.
Combining conductive materials into the backbone of elastic hydrogels is a new research direction for the fabrication of wearable electronics, point-of-care devices, and also developing soft robotics. Conductive nanostructures were recently incorporated into the 3D network of hydrogels to improve their sensitivity. [89] However, limitations originated from viscous deformations and rearrangement of the hydrogel network by an electric field are still remained, consequently compromising sensing reliability due to the unstable noises and signal fluctuation. [90] A viscoelastic hydrogel containing Ti 3 C 2 T x MXene is recently fabricated (Figure 17b) Figure 17 . a 1 ) Schematic illustration of the atomic structure and surface characterizations of Ti 3 C 2 T x films fabricated for gas sensing. a 2 ) The response of Ti 3 C 2 T x sensors at room temperature to different gases in ppb concentration range (50-1000 ppb). High resolution was observed even at very low gas concentrations, and the gradual increase of concentration resulted in constant increase of obtained response. Reproduced with permission. [19c] Copyright 2018, American Chemical Society. Photographs of the b 1 ) stretchability and b 2 ) self-healability of MXene-hydrogel. In (b 2 ), MXene-hydrogel was first cut in two pieces (top). They were then gently touched (middle) to test its healability. Interestingly, the healed hydrogel could retain the original stretchability observed before cutting (bottom). The self-healing property was improved after using MXenes in the structure of hydrogel, mainly due to the increased number of hydrogen bonds with the functional groups of MXenes. The sensing performance of MXene-hydrogel was distinguished through resistance change in response to b 3 ) different hand gestures and b 4 ) facial expressions. Reproduced with permission.
[19d] Copyright 2018, American Association for the Advancement of Science.
www.advancedsciencenews.com www.advhealthmat.de strain sensors. [19d] Outstanding tensile strain sensitivity, remarkable stretchability (>3400%; Figure 17b 1 ), high conductivity, rapid self-healing ability (Figure 17b 2 ), and adhesiveness to human skin are the noteworthy characteristics of the fabricated hydrogel. The hydrogel could conveniently detect complex motions, such as full hand movement (Figure 17b 3 ) when adhered to the knuckle. Distinct resistance values were detectable for different gestures, shown as 0, 1, 2, 3, 4, and 5. The signals were also fully recoverable. Sensing the direction of motion was also detectable, confirmed through placement of the hydrogel in the middle of the forehead to distinguish facial expressions, such as smiling and frowning (Figure 17b 4 ) . MXene-based nanostructures with plasmonic properties are recently studied as substrates for surface-enhanced Raman spectroscopy (SERS), a promising technique for identification of small quantities of molecules due to its adaptability as well as highly efficient, noninvasive, and versatile nature. [91] One-step hybridization of silver, gold, and palladium NPs (Ag, Au, and Pd) with Ti 3 C 2 T x MXene nanosheets in an aqueous solution could produce a highly sensitive substrate for SERS application, tested for the detection of methylene blue (MB) with calculated enhancement factors on the order of 10 5 due to the synergistic effects between nanoparticles and MXene sheets. [92] 2D Ti 3 C 2 T x MXene SERS substrates have also been manufactured by spraycoating on a glass substrate to detect different dyes, with calculated enhancement factors reaching ≈10 6 . [93] This study found the percentage of MXene surface deposition on glass slides as a significant factor affecting SERS-based detection efficiency of sensing analytes. All above-discussed studies demonstrate the feasibility of using MXenes as a new generation of versatile matrix for futuristic fabrication of advanced biosensors with a wide range of applications in biomedical analysis.
Applications of MXenes in Implants
One of the featured applications of ceramic biomaterials recently proposed for further investigation is the surface coating of metal implants in order to reduce their surface oxidation and creation of a brittle interface between the implant and surrounding tissues. For example, while Ti is the most used metal implant due to its high biocompatibility, large availability, and low price, it does not still have the title of an ideal material owing to its oxidation and the formation of TiO 2 on its surface. [94] This oxidized layer might fracture and induce toxicity due to the formation of small particles and induction of fibrotic and foreign body reactions, which will eventually lead to the implant failure through its encapsulation within a soft tissue. [95] In order to avoid these drawbacks that decrease patient satisfaction and enhance economic and social burden, MXenes are suggested as ceramic materials suitable for the surface coating of the implants. For this purpose, the first step is to understand the biological responses of host tissue cells to the MXene biointerfaces. Chen et al. [24] investigated the biocompatibility of Ti 3 AlC 2 , Ti 3 SiC 2 , and Ti 2 AlN with preosteoblasts and fibroblasts through cell adhesion, proliferation, and differentiation and compared the results with pure Ti and Ti-6Al-4 V alloy as traditional Ti-based materials used for implantation. Compared to noncoated Ti-based specimens, the spreading of preosteoblast on MXenes, particularly Ti 2 AlN, was clearly promoted at initial stages of proliferation, reaching to 2901 µm 2 / cell. This value was quite larger than 2372 and 2450 µm 2 / cell that were reported for Ti alloy and pure Ti, respectively (calculated using ImageTool 3.0 based on confocal images shown in Figure 18a ). The water contact angle measurement of the implant surfaces demonstrated the correlation of higher hydrophilicity and the increased adhesion and spread of cells on Ti 2 AlN samples (Figure 18b ). Ti 2 AlN exhibited the highest biocompatibility and cell affinity because of the surface formation of TiN x O y , which shows better biological performance compared to the TiC x O y formed on the surface of Ti 3 AlC 2 and Ti 3 SiC 2 , as well as TiO 2 formed on the surface of noncoated Ti implants. This is mainly resulted from the stronger affinity of the Ca 2+ ions to the TiN x O y present on the surface of Ti 2 AlN compared to the other oxidized forms tested. In another study performed by Veronesi et al., [21] TiC-coated implants were placed within rabbit femurs to improve the formation of bone around the implant as compared to the bare Ti implant. Interestingly, histological studies could not find any fibrous tissue, sign of necrosis, inflammatory reaction, osteolysis, or tissue degeneration for any of Ti and TiC implants. This finding means all types of MXenes would not be able to improve the biological performance of implants.
Conclusion and Outlook
Since the first report on synthesis of Ti 3 C 2 in 2011, various types of 2D MXene sheets have been explored through the selective chemical etching of A in M n+1 AX n phases, where M, A, and X are the transition metal, the main group sp-element, and carbon or nitrogen elements, respectively. Figure 18 . a) CLSM images of MC3T3-E1 cells attached on the surface of Ti 2 AlN, Ti-6Al-4 V alloy, and pure Ti after 3 h of incubation. Phalloidin and DAPI costaining was performed for the imaging of the filamentous actin (red) and nucleus (blue), respectively (initial cell density was 1 × 10 4 cells mL −1 ). The cells could spread and occupy larger areas of Ti 2 AlN compared to the other implants. b) Contact angle experiment performed with deionized water to determine the hydrophilicity of surfaces. Reproduced with permission. [24] Copyright 2017, American Chemical Society.
www.advancedsciencenews.com www.advhealthmat.de tissue engineering, and antibacterial applications. Low cytotoxicity, high surface area, as well as strong and wide NIR absorption make MXenesʼ family one of the furthermost promising materials for aforementioned biomedical applications. However, challenges for their clinical translation are still not fully addressed. Although several studies have shown desirable short-term biocompatibility of the MXenes, systematic assessment of long-term in vivo biosafety is essential for the expansion of their biomedical applications. The chronic impact of these nanosheets on the histology and normal performance of various organs and tissues as well as the genotoxicity, immunogenicity, and biodistribution of these materials should be investigated in future. In addition, the effect of surface coatings on the biological behavior of MXenes needs further clarification. In addition, in order to fully realize the bioapplications of 2D MXenes, there are several fundamental challenges herewith: precise control over size, components, and surface chemical functionalization of the MXenes. These research fields should expand further in future, though the flow rate of investigations in the last years is significantly promising and the better control over these parameters has resulted in the design of MXenes with enhanced potential for drug delivery and phototherapy. These achievements can be expanded more through the design of multifunctional hybrid materials composed of MXenes. Moreover, instead of top-down methods that lack the control of size distribution and reproducibility, more efforts should be devoted to bottom-up synthesis of MXenes for better control over size, geometry, and surface terminations. For example, it is worthy to develop new synthesis methods for the fabrication of morphologies beyond nanosheets, that is, nanotubes, nanocages, or spherical structures. PAI in the NIR-II window should also be investigated due to its high tissue penetration depth compared to NIR-I light. Additionally, optical properties of MXenes, their response to ultrasound, desirable composition of MXenes for SERS application, and radioactive metal labeling of MXenes for PET are worth investigating. More efforts should also be devoted to improve the low yield for mass production of MXenes. Through all these future investigations, it is expected to observe a rapid growing in the synthesis of new families of MXenes and their bright perspective in biomedical sciences.
